Abstract: Amino acids are the essential primary component of every living organism, deficiency of which may lead to different types of genetic abnormalities in cells. In the present paper, electrical network modelling technique is applied on Homo sapiens genes for prediction of cancer disease. Amino acids are designed using passive electrical components i.e. resistor, inductor and capacitor. The network of amino acid sequence is used to predict the cancer genes by analysing pole-zero distribution and impedance of the network. The results show high affinity of the hydrophilic amino acids in cancer cell related genes compare to healthy genes, which validate the medical research reports. Since the present network model realisation is based on amino acid level, the concept is significantly better than other modelling approach in terms of complexity and computational load.
Introduction
Deoxyribo Nucleic Acid (DNA) is a long chain of double-stranded helical molecule, contains genetic information of living organisms (Anastassiou, 2001; Vaidyanathan, 2004) . Genes of DNA sequence, contain the information for generation of proteins and subdivided into exons and introns. The nucleotides present in exons and form group of three adjacent bases which is called codon. According to genetic code, there are 64 possible codons which instruct the cell machinery to synthesise 20 amino acids. The chain of amino acid defines a protein and dictates the spatial and biochemical properties of the protein. The list of 20 amino acids along with their property by which they are broadly classified into two classes is illustrated in Table 1 . Table 1 List of 20 amino acids and their codons
Amino acids Abbreviations Property
Alanine ( In recent years, DNA and protein structure modelling is gaining popularity in genomics research to learn their structural features and functions. For example, electrical networks using resistor, capacitor and inductor are developed to model DNA/RNA sequence, amino acid and protein for examining circuit behaviours in detail (Marshall, 2009 (Marshall, , 2010a (Marshall, , 2010b . Passive analogue electrical circuits are modelled by Sampath (2006) for studying protein secondary and tertiary structure. Alfinito et al. (2008) proposed a network model to study the structural and electrical properties of protein. Hodzic and Newcomb (2007) developed a PSpice model for DNA molecules. It is also proven from the literature survey that the property and structure of amino acid is very important for VLSI chip and nano-biosensor design (Mitra et al., 1996) . Amino acids are the primary building blocks of protein (Koolman and Rohm, 1996) , and play an important role in human diseases such as cancer, genetic abnormalities, tumour etc. Cancer can be treated by restricting some specific amino acids as they are crucial in spreading cancer cells. The researchers from signal processing society applied various signal processing techniques on DNA/RNA or protein sequences to study the genetic basis of cancers (Dougherty and Dutta, 2005; Chen and Wong, 2007; Peng et al., 2007; Sajjadieh et al., 2009) . Different studies are also analysed by several researchers using the statistics of amino acids for cancer and non-cancer cells of human genome . Like, Controlled Amino Acid Therapy (CAAT) (https://www.apjohncancerinstitute.org/caat-protocol/; accessed 21 Sep. 2012) is the novel nutritional approach to impair the cancer cell growth. Dr. Warburg (1956) discovered that all the cancer cells produce inordinate amount of lactic acid. Dr. Lee et al. (1997) showed the deficiency of glucose can drive the cancer cells to commit suicide. Arginine can modulate the growth of the Breast Cancer (Singh et al., 2000) . (Rock and King, 1968) stated that Aspartic Acid (D), Glutamic Acid (E), Glycine (G), Serine (S), Alanine (A) and Cysteine (C) are generated through the synthesis of Glucose. Das and Mitra (2011) made a comparative statistical analysis between skin cancer genes and normal genes based on nucleotide hexamers.
According to McClellan (2012) , amino acid property based methods are more sensitive and responsive than nucleotide based methods. For example, Marshall (2010a) modelled the DNA/RNA strings using passive electrical components at nucleotide level and the Homo sapiens databases are composed of long sequences of nucleotides, so modelling H. sapiens gene circuitry based on nucleotide is incredibly complex. Therefore, the present network model is more appropriate considering circuit complexity and computational load as network modelling is done on amino acid level. The main approach of the present paper is fourfold:
 Developing electrical circuit model of individual amino acid based on their physiochemical property from the elementary level using passive electrical circuit components i.e. resistor, inductor and capacitor.
 Analysing the circuit behaviour according to the properties of amino acids.
 Modelling electrical network for amino acid string by cascading individual amino acid circuit.
 Investigating the network impedance and pole zero distribution for H. sapiens cancer and normal cell associated genes, downloaded from NCBI homepages (http://www.ncbi.nlm.nih.gov/; accessed 11 Oct. 2012) to screen out the amino acids which are responsible for this specific disease.
The LabVIEW (2012 version) environment is used for network realisation and simulation. The paper is organised into following sections: Section 2 details modelling of amino acids and equivalent impedance calculation, Section 3 describes the network concept applied on amino acid sequences, and simulated results. Finally, conclusions based on the results are described in Section 4.
Electrical network model realisation of amino acids
The basic structure of amino acid is comprised of three groups i.e. carboxyl group (COOH), amino group (NH2) and variable side chain (r) group, which are attached with a central alpha-carbon as in Figure 1 . The chemical compositions of side chain determine the chemical specificity of an amino acid (Voet et al., 2001) . However, when the amino acids are combined to form proteins, it is the properties of the side chains only which determine the properties of proteins. The 20 amino acids can be grouped into two major classes: hydrophobic and hydrophilic (Kyte and Doolittle, 1982) based on their physicochemical properties as in Table 1 . Two attempts are made in this paper e.g. realising electrical network model for amino acid based on its basic structure and characterising the amino acids as hydrophobic and hydrophilic based on hydrophathy index value.
Generalised electrical model of individual amino acid and amino acid chain
The generalised electrical circuit model of an amino acid consists of three distinct circuits ( Figure 2 ). There are two parallel circuits for backbone structure one of which represents the carboxyl and the other represents the amino group, common for all amino acids except Proline. The third circuit which is connected in series with the backbone structure represents the side chain group. The impedances of the carboxyl (COOH) and amino (NH 2 ) group circuit models are Z CE and Z AE respectively and the side chain (r) impedance is Z sc . The n numbers of amino acids are joined in series to form protein and the entire circuit for the protein structure is converted into an equivalent single circuit, where the sinusoidal AC sources and impedances are replaced by a single voltage source ( ) n eq V and equivalent impedance ( ).
n eq Z Figure 3 illustrates the structure of amino acid string of arbitrary length (n) and its equivalent network model. For amino acid string of length two, the corresponding electrical circuit is obtained by attaching second amino acid model to the equivalent of the first amino acid model. The expressions of the impedances for the amino acid string of length two and three are given below,
The process of cascading circuit elements is carried out indefinitely; therefore the generalised expressions for the impedance of the electrical model of amino acid string of any length can be obtained easily. For n number of amino acids, the equivalent impedance and voltage is given by,
Impedance equation and circuit model of amino acids
In present circuit model, the carboxyl group (COOH) is modelled by four inductors L (each of 1mH) connected in parallel as the carboxyl group contains four atoms, shown in Figure 4 (a) and the equivalent impedance in s domain is represented as
where s is the Laplace frequency defined by ; j     is 2π times the frequency; j is the square root of -1 and σ is real number.
Similarly the amino group (NH 2 ) is modelled by two inductors L (each of 1mH) in parallel with one resistor R (1Ω) in series as the amino group contains three atoms, shown in Figure 4 (b) and the equivalent impedance in s domain is denoted as The reduced equivalent impedance for the backbone in s domain is given by,
But the backbone of Proline is composed of only carboxyl group. So its backbone impedance in s domain is given by,
As amino acid properties vary with side chain therefore instead of considering side chain as a group, individual atom is taken for designing the circuit models using the passive components R, L and C based on atomic numbers. The nonreactive atoms i.e. carbon and hydrogen are modelled by nonreactive electrical components, and reactive atoms i.e. nitrogen, sulphur and oxygen are modelled by reactive components. For example, the nonreactive carbon atom (C 6 ) is modelled by six resistor R (each of 1Ω) connected in parallel as the atomic number of carbon is six, reactive nitrogen atom (N7) is modelled by seven inductor L (each of 1mH) connected in parallel as the atomic number of nitrogen is seven; likewise, sulphur (Si 6 ) by sixteen inductor L (each of 1mH) connected in parallel, oxygen (O 8 ) by eight capacitor C (each of 1F) connected in series and hydrogen (H 1 ) by one resistor R (0.2Ω). Since the side chain consists of large number of hydrogen atoms compared to other atoms, smaller value of resistor is chosen for hydrogen atoms to reduce the circuit complexity. The circuit models for the atoms are shown in Figure 4 (c)-(g). The equivalent impedance Z eq for 20 amino acids is different and computed using equation (7), and for Proline, equation (8) is used. Due to space constraint some of the electrical circuit realisation of amino acid is depicted in Table 2 . A sample circuit in s domain for the amino acid string of length two is shown in Figure 5 . For the first amino acid Methionine (M), the equivalent impedance is
Z m is zero for the first amino acid. When the second amino acid Tyrosine (Y) is cascaded to the first one, the equivalent impedance expression will be given by,
In general, for the (n + 1)th amino acid the equivalent impedance is given by
n sc Z is the side chain equivalent impedance for n length amino acid. So the equivalent impedance of new (n +1) amino acid string is determined by the equivalent impedance of old n amino acid string.
Network realisation and simulation using LabVIEW (2012 version)
Most of the bioresearches categorised the amino acids based on their physicochemical properties. For example, Pommie et al. (2004) Out of the different properties i.e. volume, chemical characteristics, the most common broad division for all 20 amino acids is hydrophilic group that prefer to be in an aqueous environment (Q, D, E, G, H, R, K, N, P, S, T, W and Y) and hydrophobic group that do not prefer to be in the aqueous environment (A, C, L, M, I, F and V). Therefore, the present study is only restricted to hydrophilic/hydrophobic property of amino acid. Table 2 Chemical structure and electrical circuit model of amino acids
Figure 5 Electrical network model in s domain comprising of two amino acids
The individual models of hydrophobic and hydrophilic amino acids are successfully tested on LabVIEW (2012 version) environment. LabVIEW is a graphical programming language and development environment. It is especially designed to develop test instrument as implemented by abundant mathematical functions (Yang, 2003) and considered as standard software program for data collection and instrument control (Wang and Lin, 2009) . A general set of simulated blocks for hydrophobic and hydrophilic amino acid is developed using LabVIEW and its Control Design and Simulation Toolkit as shown in Figures 6. In Figure 6 , the hydrophobic or hydrophilic amino acid impedance transfer function model blocks are summed up using CD Add Models.vi, and the corresponding pole zero plots and impedance responses are simulated using CD Pole-Zero Map.vi block and CD Bode.vi block. The phase values within frequency range 1 to 100 Hz for equivalent hydrophobic and hydrophilic amino acid impedance are displayed on LabVIEW front panel (Figure 7 ). From the simulated result, we observed that the phase response of hydrophobic amino acid is considerably larger than the phase response of hydrophilic amino acid for the entire frequency range, which truly satisfy that the hydrophobic amino acids have larger hydropathy index value whereas hydrophilic amino acids have smaller hydropathy index value (Kyte and Doolittle, 1982) . The measured phase values for hydrophobic and hydrophilic amino acids at different frequencies are portrayed in Table 3 and the phase difference plot is shown in Figure 8 . 
Prediction of cancer cell genes from normal H. sapiens genes by network realisation of amino acid sequence
The H. sapiens genes are made of long string of amino acid sequences as shown in Figure 9 (a) and the corresponding network realisation of the gene is shown in Figure 9 (b). The electrical network concept is applied on H. sapiens gene databases, and the system behaviour is examined by observing the impedance at different frequencies and analysing pole-zero distribution of the cascaded network. The main target of this work is to distinguish cancer cell associated H. sapiens genes from healthy H. sapiens genes.
Impedance behaviour of circuit model at different frequencies
The proposed network model is tested on 69 H. sapiens healthy and cancer gene sample databases (Blood, Breast, Prostate, Colon and Skin cancer) as illustrated in Table 4 , comprised of amino acid sequence downloaded from NCBI homepage. The system performance is judged by measuring the phase value of the network impedance at different frequencies. A sample cancer related gene i.e. H. sapiens DDX20 gene (DEAD box polypeptide 20, Acc no. NM_007204.4) is taken from Table 4 for example and the gene database is converted into network model in s domain as in Figure 10 . The network response is measured in terms of phase values. The phase values of some cancer and normal genes at different frequencies are detailed in Table 5 . In the present study we observed that there is no marked difference in impedance magnitude value for cancer and normal genes but there exist a significant difference in phase value. All cancer genes exhibit smaller phase value compare to the normal genes as in Figures 11(a) and 11(b), which indicates high chances of hydrophilic (charged) amino acids present in cancer genes (Stranzl et al., 2012) whereas normal genes are mostly made up with hydrophobic amino acids.
In Figures 11(a) and 11(b), the 3D frequency response plots of different types of genes show that the phase variation of cancer and normal genes both are random and cancer genes are more clearly distinguished from normal genes in the frequency range 1 to 10 Hz.
Pole-zero analysis for H. sapiens gene
Since frequency responses for both normal and cancer genome are random, another feature i.e. pole-zero plot is considered to predict the cancer genomes more clearly. In s domain analysis, the impedance transfer function is the function of complex frequency s, where s is defined by
The impedance is specified in terms of poles and zeros using equation (12) 
Conclusions
Cancer genes are enormously complex and genetically diverse. They vary substantially compared to healthy genes as well as among themselves in respect to amino acid sequences and structures. All normal genomes are alike but each cancer genome is abnormal in its own way. Therefore it is difficult to differentiate the cancer genes from normal genes by single measurement. We observed the phase responses of genes by analysing the electrical impedances of the networks and also the pole-zero plots. It is investigated from the network responses that the phase values for cancer genes are lower or negative, indicates high presence of hydrophilic amino acids (D, E, G, H, R, K, N, Q, S, T and Y) in cancer genes compared to normal genes. This truly validate the medical research reports as the amino acids Arginine (R), Glutamine (Q), Aspartic (D), Glutamic (E) and Serine (S) modulate the growth of cancer genes. Therefore the proposed network modelling concept for amino acids shows a high correspondence between functional biology and electrical response. This concept will be useful to know the structure of protein sequences which indirectly helpful in designing drug and also be useful in VLSI technology to develop new nano-bio sensing devices. In future, the electrical network modelling concept may be extended for classification of different H. sapiens cancer genes. The future focus will be given on development of optimised circuit model to minimise complexity and overcome possible failure of the model design. Since, the overall goal is prediction of abnormality of gene; we will also extend this concept on other genetic diseases.
